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The present concept of automatic throttle
control, as employed in
Navy carrier-based aircraft, was investigated.
The aircraft chosen for
study was the A-7E. The powerplant was the
TF41-A-2, a turbofan engine
with a relatively slow throttle response in
the approach power range.
The effects of additional inputs to the
approach power compensator
were evaluated. It was shown that a considerable
increase in performance
could be achieved through the incorporation of
longitudinal feedback.
In addition, the limitations imposed on
performance by large engine lags
were found to be much less severe for systems
with longitudinal feedback.
The modifications suggested require a redesign
of the approach power




A. APCS PERFORMANCE OBJECTIVES 8
B. AIRCRAFT 9




II. METHOD OF ANALYSIS 11
A. , DESCRIPTION OF THE MODEL 11
B. DIGITAL SIMULATION 13
1. Continuous System Modeling Program 13
2
.
CSMP Program Components 13
C. THEORETICAL ANALYSIS 17
III. PROCEDURE 18
A. DIGITAL SIMULATION RUNS 18
B. ANALYSIS OF THE STANDARD APCS CONFIGURATION 19
C. INVESTIGATION OF ADDITIONAL APCS INPUTS 23
D. REVISED APCS CONFIGURATION 25
IV. DISCUSSION AND RESULTS 27
A. EFFECTS OF ENGINE RESPONSE 27




2. Longitudinal Velocity 29
3. Proportional Plus Integral Longitudinal 29
Velocity
„
4. Longitudinal Velocity Plus Acceleration 29
C. FINAL CONFIGURATION 30

TABLE OF CONTENTS (continued)
V. CONCLUSIONS AND RECOMMENDATIONS 32
A. APCS CONFIGURATION 32
B. ENGINE RESPONSE 33
C. THEORETICAL ANALYSIS 33
D. GENERALIZATION OF RESULTS 33
LIST OF REFERENCES 34
TABLES 35
FIGURES 44
APPENDIX A - CSMP COMPUTER PROGRAM AND SAMPLE OUTPUT 64
APPENDIX B- GUST MODEL ANALYSIS 77
APPENDIX C - MULTILOOP CONTROL SYSTEM ANALYSIS 83
INITIAL DISTRIBUTION LIST 89
FORM DD 1473 90

LIST OF TABLES
I. Aircraft Geometry and Stability Derivatives 35
II. Control Systems Parameters . 36
III. CSMP Functional Blocks 37
IV. Aircraft State Equations Matrices 38
V. Aircraft Open Loop Transfer Function
Numerators and Denominator 40
VI. Aircraft Transfer Function Numerators and
Denominator for Standard APCS Loop Closures;
T = 1.8 seconds 41
e
VII. RMS Velocity Error Summary 42
VIII. Aircraft Transfer Functions for Standard and




1. Aircraft Equations of Motion 44
2. TF41-A-2 Engine Characteristics 45
3
.
Standard APCS Block Diagram 46
4. AFCS and ACLS Transfer Functions 47
5. Numerical Integration Error Analysis 47
6. Standard APCS Equivalent Block Diagram 48
7 Loci of Zeroes of A' ' for 1/T Variation 49
e









9. Loci of Zeroes of N„ I 1/T Variation 516J e
std








Loci of Zeroes of A' ' ' for K Variation 54
13. Loci of Zeroes of A ! ' ' for K Variation, K = 0.5 55
u p
14. Loci of Zeroes of A'" for K- Variation, K = 0.2, 0.5, 1.0 56
u q
15. Loci of Zeroes of N for K* Variation, K = 0.5 57
6
e| U q
16. Revised APCS Equivalent Block Diagram 58





18. Loci of Zeroes of N 3 for 1/T Variation.e
rev
Revised Configuration 60
19. Airspeed Response to Elevator, Bode Plot 61
20. Angle of Attack Response to Elevator, Bode Plot 62
21. Airspeed Response to Longitudinal Gust, Bode Plot 63

ACKNOWLEDGEMENT
The author wishes to thank Assistant Professor Ronald Hess for his
guidance and assistance throughout the course of this research.





A. APCS PERFORMANCE OBJECTIVES
The primary purpose of an approach power compensator system (APCS)
in Navy carrier-based aircraft is to provide the thrust necessary to
maintain the correct airspeed during carrier approach and landing. The
APCS can be used either in an automatic carrier landing system (ACLS)
or in a piloted, manual approach. Although airspeed systems exist
[Ref. l] , the systems utilized in Navy aircraft attempt to maintain a
constant angle of attack (AOA) . Supplementary inputs, such as normal
acceleration and elevator crossfeed, are usually employed in an effort
to maintain the "on-speed" AOA. Since the on-speed value of AOA does
not vary from approach to approach, there is no indexing requirement.
In an airspeed system, however, the reference airspeed is a function
of the aircraft configuration in the landing approach. As configuration
variables, such as weight, vary from approach to approach, so does the
reference airspeed. This is an important factor in favor of an AOA
system. The pilot workload which airspeed indexing would add to an
already demanding task probably would not be tolerated, and the designer
of an approach power compensator system should bear this in mind.
Military specifications reflect the objective of maintaining a
constant AOA. Reference 2 states that the output of the APCS shall be
proportional to error in AOA, change in normal acceleration, integral
of AOA error, and elevator position. As is noted in Ref. 1, it appears
that the APCS design concept is overly restricted by military specifi-





The aircraft chosen for study was the A-7E, a light-attack, carrier-
based aircraft of approximately 20,000 pounds empty gross weight. The
A-7E was chosen because it was one of two aircraft included in a previous
study of Navy approach power compensator problems and requirements
[Ref. 1] and because the author has had personal experience as an A-7A
pilot.
The A-7E powerplant is a turbofan engine whose throttle response
is characterized by a relatively long and nonlinear time constant in
the approach thrust range. The APCS is an AOA system with inputs of
AOA, integral of AOA, normal acceleration, and unit horizontal tail
(UHT) movement. A detailed description of the system is contained in
Ref. 3.
C. PREVIOUS STUDIES
Systems Technology, Incorporated conducted a study of Navy approach
power compensator problems and requirements [Ref. l]. The following is
a summary of pertinent conclusions and recommendations:
1. A fundamental conceptual difficulty with current APCS's is
the use of AOA feedback to constrain both AOA and airspeed, as
the two are only in phase at low frequencies. Thus, it is
possible to control only one of these or a linear combination
of the two with a single control input. As a consequence, APCS
design involves a compromise between these constraints.
2. Airframe characteristics restrict the ability to achieve
satisfactory performance. Engine response time is a fundamental
problem area, as the APCS cannot augment the dynamics without
excessively overdriving the engine. It was recommended that
the effect of engine lag on APCS performance be investigated
in detail with a view toward specifying necessary characteristics.

3. Gust response within the current APCS concept will, in
general, be poor. Gust proofing against longitudinal gusts
with an AOA system is difficult. Gust proofing against
vertical gusts has minimal effect, as the dominant response
is determined by the short period characteristics.
4. It was recommended that the effects of additional
feedbacks to the APCS be analyzed in relation to gust
response and to optimum performance for separate con-
figurations of fully automatic and manually controlled
systems.
The Naval Air Test Center conducted an evaluation of the APCS in
the A-7E [Ref. 3], The emphasis was on optimizing the performance of
the APCS for both manual and ACLS approaches with minimal material and
design modifications. The recommended modifications were basically
changes in feedback gains and the incorporation of a dual time constant
in the UHT crossfeed circuit. A shorter time constant was used for
nose up corrections than for nose down corrections, with the net result
that the UHT input was more effective for nose up than for nose down
attitude changes.
D. OBJECTIVES
The purpose of this research was to improve the performance of the
APCS of the A-7E aircraft as used in the ACLS. Specifically, the
effects of additional inputs to the APCS computer were evaluated with a
goal of improving the current concept of APCS design. In addition, the
effect of engine response time on APCS performance was determined.
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II. METHOD OF ANALYSIS
A. DESCRIPTION OF THE MODEL
The fully automatic carrier landing mode was selected for study in
this analysis of the APCS. The manual mode with the pilot in the loop
was not considered. Thus, the total closed loop system consisted of
the airframe, the engine, the approach power compensator, the longitu-
dinal automatic flight control system (AFCS) , and the automatic carrier
landing system.
The aircraft equations of motion were linearized about the steady
state approach conditions in accordance with standard small perturbation
theory, as described by Etkin [Ref. 4], Lateral-directional dynamics
were not included. The resultant equations are shown in Figure 1. Air-
craft stability derivatives and other parameter values were taken from
Ref. 1 and are listed in Table I. Force and moment stability deriva-
tives are normalized with respect to mass and moment of inertia, respec-
tively. Hence, mass and moment of inertia do not appear explicitly in
the equations of motion, as they do in Etkin' s notation.
The A-7E engine is the TF41-A-2 turbofan. Reference 5 contains an
analysis of the thrust-power lever relationship for a range of operating
conditions. The nominal approach thrust for the operating conditions
as shown in Table I is 3000 pounds. In this range of thrust, the engine
response time constant is a nonlinear function of thrust. The relation-
ship between the engine time constant, T , and thrust, and the relation-
ship between thrust and power lever angle (6 _.) for the given operating
conditions are taken from Ref. 1 and are shown in Figure 2. An average
value of 275 pounds thrust per degree 6 pTA was used in the model. Thus,
the variable engine lag was the only nonlinearity in the engine model.
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Figure 3 is a schematic of the APCS loop closures. In small per-
turbation theory, AOA is defined as w/U~, in radians. Thus, the inputs
to the APCS computer are proportional plus integral w, a 1 (vertical
acceleration corrected for accelerometer location), and a filtered UHT
feed forward term.
The APCS gains are a representative set listed as "PAX" gains in
Kef. 1 and do not correspond exactly to those in use in the current A-7E
APCS configuration. In addition, several simplifications were made to
the APCS model. A complex pole at ten rad/sec in the throttle actuator
response was neglected. This frequency is well beyond the range in
which the APCS is effective. Throttle linkage hysteresis of 0.5 degrees
was ignored. The implementation of a dual UHT input time constant, as
described in the introduction, was not incorporated into the model. A
gain adjust bias exists in the APCS which changes all APCS gains by the
same amount to compensate for ambient air temperature effects. The
standard day value of 1,0 was used., K , the vertical acceleration gain,
n
z
has two values, the smaller value being for load factors in excess of
1.1 g's. Only the larger value was incorporated into the model.
Both the longitudinal AFCS and the ACLS models were taken from
Ref. 6. As above, the AFCS and ACLS gains were representative but were
not necessarily identical to those currently in use. A complex pole
and a first order lag at 20 rad/sec in the AFCS response was neglected.
The AFCS output is a UHT deflection, which is a function of attitude
error (9-G ), pitch rate, and normal acceleration. The automatic carrier
landing system was represented by the A-7E SPN-42 longitudinal control
equation. The output, a ship-to-aircraft pitch command, is a function
of the aircraft altitude error, Z
,
measured perpendicular to the ideal
12

glide slope. In practice, the aircraft slant range and elevation are
measured by the SPN-42 radar, corrected for ship motion and radar
location, transformed into cartesian coordinates, and utilized to
command an aircraft pitch angle.
The AFCS and ACLS longitudinal control equations are shown in
Figure 4. APCS, AFCS, and ACLS gains are listed in Table II.
B. DIGITAL SIMULATION
1. Continuous System Modeling Program
The closed loop system was simulated on the IBM 360 digital computer
utilizing a digital simulation language, CSMP. CSMP is an acronym for
Continuous System Modeling Program. The program is augmented by basic
FORTRAN and provides a set of functional blocks which simulate such
analog components as integrators, relays, and function generators. A
detailed description of the program is contained in Ref, 7. A descrip-
tion of CSMP functions used in the. simulation is provided in Table III.
2. CSMP Program Components
A sample program and output are contained in Appendix A. The
program consists of five major sections: the aircraft equations of
motion and engine model, the APCS model, the AFCS model, the ACLS model,
and a gust input model.
a. Aircraft Equations of Motion and Engine Model
The equations of motion as shown in Figure 1 were
put into state format:
{X} = [A] {X} + [B] {R}
(1)














The A, B, C, D, and E matrices are listed in Table IV.
The engine modeling consisted of two parts. As mentioned in
section II. A. , a relationship of 275 pounds thrust per degree 6.^.. was
assumed. The engine time constant, as shown in Figure 2, was approx-
imated by a linear function generator of fifteen unequally spaced points.
The thrust operating range modeled was ±2000 pounds about the nominal
operating value of 3000 pounds.
b. APCS Model
The APCS equations were obtained from Figure 3. The
throttle actuator, power lever, and engine gains were combined into a
single parameter. As a result, the variable labeled "PLA" in the CSMP
program is not the actual power lever angle. Gains and other constants
in the feedback loops were also consolidated wherever possible. AOA
and integral of AOA were kept distinct. For ease of programming, the









w V wi6 Wl (3)
The UHT input equations in the simulation are in the form of the right




The AFCS equations were obtained from the equation given
in Figure 4 with numerical values substituted for the various gains.
d. ACLS Model
The altitude error, Z
,
was defined as the negative of h,
as the two are measured in opposite directions perpendicular to the
ideal glideslope. The 6 /Z transfer function, as shown in Figure 4,
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The SPN-42 equations in the simulation are in the form of the right
side of Equation (5).
e. Gust Model
To simulate a random gust field, the output of a random
number generator with a uniform amplitude distribution was passed
.
through a second-order filter with a break frequency of 1.0 rad/sec and
a damping ratio of 0.707. The theoretical derivation of the spectral
properties of the resultant signal is described in Appendix B. Vertical
and horizontal RMS gust velocities of 5.0 ft/sec were used in the simu-
lation. To insure identical gust signals for each run, a constant step
size was used in the numerical integrations for all runs.
f. RMS Velocity Error Criteria
An RMS velocity error for u and w was used as a measure
of APCS effectiveness. It was defined as:
^Mi
T
i T[u(t) 2 +w(t) 2]dt (6)
where T is the run length.
g. Digital Simulation Error Analysis
A fourth-order Runge-Kutta numerical integration scheme
with a fixed step size was used in the simulation. Figure 5 is a plot
of normal acceleration after 0.5 seconds versus step size for an initial
altitude error. Plots of other system variableSj after 0.5 seconds and
at other values of time, show the same trend. A step size of 0.05




The theoretical analysis was primarily a root locus study of
various APCS configurations. To reduce the multiple input, multiple
output control system to a form adaptable to the analysis, a multiple
loop analysis technique, documented in Ref c 8, was employed. An expla-
nation of the method, including an example which covers all applications
used in this study, is contained in Appendix C. Table V is a listing
of the open loop aircraft numerators, cross product numerators, and the




A. DIGITAL SIMULATION RUNS
.A standard set of runs for the digital simulation was utilized for
each configuration of the APCS. The APCS configuration shown in Figure
3 is referred to as the standard configuration. The length of the
simulation runs was chosen to approximate the final approach phase of
the carrier landing. Under SPN-42 control, two of the ACLS equation
gains, R and K , are functions of range for a range greater than
6000 ft. For ranges less than 6000 ft. the values of R and K are° xx
constant at the values shown in Table II» The ACLS equation employed
was valid for range less than 6000 ft. to the point at which deck
motion compensation is introduced. A run time of 30 seconds was chosen
to approximate this phase of the approach. A set of six standard
simulation runs was chosen to simulate system response to initial high
and low airspeed and altitude errors and to vertical and longitudinal
gust inputs. The set of conditions for the six runs were:
Run (1) u(0) = 5 ft/sec, w(0) - -5 ft/sec
(2) u(0) = - 5 ft/sec, w(0) = 5 ft/sec
(3) Z
e
(0) = 10 ft
(4) Z
e
(0) - -10 ft
(5) u = 5 ft/sec
o
(6) w = 5 ft/sec
Initial conditions and RMS gust velocities not specifically indicated
in a run are zero.
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B. ANALYSIS OF THE STANDARD APCS CONFIGURATION
To apply the analysis technique described in Section II. C, the APCS
loop closures as shown in Figure 3 were reduced to an equivalent set
that conformed to the block diagram format shown in Figure C.l. The
equivalent transfer functions were a consolidation of all the elements
in each loop closure, including the thrust to power lever terms. The
resultant diagram is shown in Figure 6. G represents the proportional
w
plus integral AOA feedback transfer function and is given by
350.7
w u_ IT s+1 s / T (s+l/T )
e e
)|# + K |(s +
T a T /V K +K T
o> 1/ \ <y a <y
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G represents the normal acceleration feedback transfer function. The
z
effect of the 6.7 ft. offset of the accelerometer on APCS performance
has been shown to be minor in the low frequency range [Ref. 1], Thus,
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The theoretical analysis was confined to the APCS loop closures only;
AFCS and ACLS loop closures were not considered. Justification for this
procedure is given in Section IV. B.
The closed loop transfer functions u/6 , w/6 , and u/u for the
e' e' g
standard APCS configuration were formed. The engine time constant, T
,
was kept as a parameter, and root locus plots of the zeroes of the
closed loop denominator and numerators were plotted to show the effects
of engine lag.
Since there are two feedback paths, as shown in Figure 6, the
closed loop denominator is defined as A 1 ' . It was derived by applying
equation C .5.
a" - a + VIt. + gznIt < 10 >
a
N was expanded as
a (sw-U s9)
V = NAT " SNAT " VV (U)









The expression was cleared over a common denominator, and the numerator
expressed in two terms, one a function of T , to give
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The zeroes of A" were plotted as a function of 1/T by forming an




G represents the open loop transfer function in a unity feedback, single
loop system. This form was adaptable to a documented root locus digital
computer program [Ref. 9]. The closed loop characteristic equation for
the artificial system was
A' = U + 1/T V (15)
1/T equal to zero represents an infinite engine lag, hence, a no thrust
condition. Thus, the root loci originate at the open loop phugoid,
short period, and control equation roots. The zeroes of the artificial
closure represent the roots that would be obtained for the given APCS
feedback gains if there were no engine delay. Figure 7 is a plot of
the root loci. Only the loci above and on the real axis are shown. An
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engine delay of 1.8 seconds occurs at the nominal operating thrust of
3000 pounds. This value and the values at thrust levels of ±2000 pounds
about the nominal value are indicated on Figure 7.
Closed loop numerator zeroes were plotted for N,
c
std std std
where the subscript "std" refers to the loop closures for the standard
configuration.
u~l w"l , u~\
std
a
u u z u w u
= N
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+ G Ne * + G N. im + G. Nim
6 z 6 AT w 6 AT 6 AT
e e e e
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Figure 8 is a plot of the zeroes of N
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Figure 9 is a plot of the zeroes of N
c J
for 1/T variation,™~| ,
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Figure 10 is a plot of the zeroes of N_ | for 1/T variation.,
std
C. INVESTIGATION OF ADDITIONAL APC5 INPUTS
In studying the effects of additional APCS feedback variables, T
was fixed at the nominal value of 1.8 seconds. The closed loop denomina-
tor and numerators evaluated at this value are shown in Table VI. The
additional feedback variables which were considered were combinations of
proportional, integral and derivative of longitudinal velocity, u. As
a result, the closed loop u/u and u/6 transfer function zeroes were
g e
not affected. Subsequent to each root locus analysis, a set of digital
simulation runs, as described in Section III. A, were completed with the




Longitudinal acceleration feedback was first considered. The
equivalent transfer function for u feedback, defined as G* , is
350. 7K-
c . = i_
u T (s+l/T )
With T equal to 1.8 seconds, this becomes
194. 8K-
The closed loop denominator, defined as A'' 1 , was formed by modifying
A11 as follows:
A'" = A' ' + G-Nf" (20)
u AT
Figure 11 is a root locus plot of the zeroes of A 1 ' ' as K* was varied.
u
In a like manner, longitudinal velocity feedback was considered.
194. 8K
u s+0.56
The closed loop denominator was again defined as A' ' '
.
A"' = A" + G N? • (22)
u AT v '
Figure 12 is a plot of the zeroes of A" ' as K was varied.
u




A'l^ ' K < 1+K /s) (23)u s+0.56 up
Values of K from 0.1 to 0.5 were considered. Figure 13 is a plot of the
P








/*'l r * K-(s+K ) (24)u s+0.56 u q
Figure 14 is a plot of the zeroes of A' ' ' as K* was varied with values
of K equal to 0.2, 0.5, and 1.0. The phugoid roots are indicated for
all three values of K . The closed loop numerator for the w/6 transfer
q e
function was formed.









The subscript "rev" refers to revised configuration. The resultant
root loci for K equal to 0.5 are shown in Figure 15.
D. REVISED APCS CONFIGURATION
Based on the results of the investigation of various inputs, a
final APCS configuration was chosen. As compared to the standard
system, this configuration had additional inputs of proportional plus
derivative of longitudinal velocity with specific gains of 0.5 and
2.0 for K and K* , respectively. The revised equivalent APCS block
q u '
r > "»
diagram is shown in Figure 16.
With the gains fixed at the values given above, root locus plots




are shown in Figures 17 and 18, respectively.
Straight-line approximations to Bode plots for u/5 w/6 , and
e' e




configurations. The transfer functions are listed in Table VIII, and




IV. DISCUSSION AND RESULTS
A. EFFECTS OF ENGINE RESPONSE
Strictly speaking, the incremental root locus technique showing how
the poles and zeroes of the APCS-equipped aircraft vary with the non-
linear engine time constant is not valid. The use of root locus analyses
is valid only for linear systems. However, an incremental root locus
technique ,has been used for stability analyses of systems with single-
valued continuous nonlinearities [Ref. 10], The system response is
approximately defined by the instantaneous location of the roots, here
a function of the instantaneous thrust.
The initial conditions and the gust inputs used in the simulation
were considered to be representative of those that an APCS/aircraft
system would be expected to encounter. Visual inspection of system
response curves did not reveal -the thrust response nonlinearity ; i.e.,
the curves were approximately sinusoidal in shape, indicating that the
system performance could be evaluated by considering a fixed value of
T equal to 1.8 seconds. The minor effect of the nonlinearity was due
to the low variance of AT in relation to the size of the thrust
operating range modeled. The dependence of the response on T was
greater for the revised system, as can be seen by comparing Figures 7 and
9 with Figures 17 and 18. This was a direct result of the increased
capability to alter APCS performance with the longitudinal feedback.
The analysis did not provide insight concerning the specific
effects of a large engine lag on APCS performance. However, the
limitations imposed on performance by a large engine lag were shown to
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be less severe for a system incorporating longitudinal feedback. As
reported in Ref. 1, the larger feedback gains or lead compensation
necessary to improve the standard AOA system performance result in
excessively overdriving the engine. The longitudinal feedback provided
an increase in performance and a more efficient use of the engine. The
thrust response induced was directly related to the damped natural
frequency of the phugoid mode. As the frequency was increased, as in
Figure 12 for increasing K
,
peak to peak thrust values increased as
well. However, for configurations in which the damped natural frequency
was not appreciably increased, as in Figures 11 and 14, peak to peak
thrust values were less than those for the standard configuration.
B. EFFECTS OF ADDITIONAL APCS INPUTS
As mentioned in Section III.B, the theoretical analysis neglected
AFCS/ACLS loop closures. It was shown that these closures do not
appreciably effect airspeed response for the system under study. Phugoid
damping coefficients and damped natural frequencies were taken from
the root locus plots of Figures 11 through 14. Measurements of the
period and the time to one half initial amplitude of the airspeed
responses were then made for the closed loop simulations, which included
AFCS and ACLS closures. The damped frequencies and damping coefficients
calculated from these responses were within a few per cent of those
predicted by the root locus plots. Thus, it was concluded that airspeed
response as controlled by the APCS was not significantly altered by
AFCS and ACLS loop closures.
1. Longitudinal Acceleration
Only a limited increase in performance was achieved by the
implementation of u feedback, as only a minimal increase in phugoid damp-




The addition of u feedback increased the absolute phugoid
damping but provided only a minor increase in the damping coefficient
and, therefore, no decrease in per cent overshoot. The most important
factor was the increased damped natural frequency. It was considered
necessary to keep the damped frequency near the level of that of the
standard configuration, as a much higher value would prove unacceptable
due to the rapid oscillations in thrust which would result.
3. Proportional Plus Integral Longitudinal Velocity
The inclusion of an integral term had an adverse effect on
airspeed response for an initial airspeed error. This was predicted by
the root locus plot as shown in Figure 13. The response to a longitud-
inal gust field was observed to be improved, as documented in Table VII<
This shows up in the root locus plots of Figures 10 and 13 as an approx-
imate cancellation of the phugoid poles with u/u zeroes.
4
.
Longitudinal Velocity Plus Accelcration
The inclusion of a combination of proportional plus derivative
of longitudinal velocity in the APCS provided the best increase in over-
all system performance. For values of K greater than 0.5, the damped
frequency increases substantially with the feedback gain, K* . For a
value of K equal to 0.5 a large increase in damping was achieved while
the damped frequency was held nearly constant. Improvement of APCS
performance rapidly diminished as K was reduced below 0.5.
q
A stable first-order pole was shown to approach the origin as
longitudinal feedback gains were increased [Figures 12 and 14], and its
presence was evident in the digital simulations. For the configuration
described in Section IV.B4 with an initial airspeed error, a residual
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airspeed error of opposite sign and with a value of ten per cent of the
initial airspeed error remained and slowly decayed after the phugoid
had essentially damped out. The effect of the pole was considered to
be of minor significance. As shown in Figure 15, there was a correspond-
ing zero in the w/6 numerator. Consequently, the first order pole did
not appear in the angle of attack response.
C. FINAL CONFIGURATION
The choice of the final, revised configuration was based on several
factors: phugoid damping, damped natural frequency and gust response.
A combination of longitudinal velocity and acceleration inputs was the
only combination able to provide a substantial increase in phugoid
damping while maintaining a constant damped natural frequency. The
choice of the value of K* was somewhat arbitrary. For a value of 2.0
u
the effective longitudinal velocity feedback gain was 1.0, which was of
the same magnitude as K in units of volts per ft/sec; at a higher
value of K* the airspeed input becomes dominant over AOA. Improved
performance at a larger value of K' was indicated by the root locus
u
plot and was verified by simulation [Table VII],
Longitudinal gust response was substantially improved for all
configurations with longitudinal feedback. The most significant improve-
ments, as indicated by the RMS velocity errors, were achieved for the
configurations in which the damped natural frequency was increased over
that of the standard configuration. The ratio of u to u feedback chosen
represented a tradeoff between gust response and frequency criteria.
Vertical gust response as measured in simulation was not appreciably
altered. As that was expected prior to the study (Section I.C), there
was no theoretical analysis attempted in that area.
30

For an initial altitude error for all configurations, the induced
airspeed error was primarily an AOA, or w(t), transient which decays in
five seconds. The induced airspeed error, u(t), was much smaller in
comparison. Thus, the addition of the longitudinal feedbacks have a
negligible effect on responses induced by an initial altitude error.
Based on this result, it was concluded that airspeed response at push-
over from level flight to glideslope acquisition would be unaltered.
The frequency response plots of Figures 19 through 21 indicate the
frequency range which was modified by the APCS revision. The amplitude
plots for u/6 and u/u indicate this range was from 0.07 to 0.5 rad/sec,eg
while only the amplitudes at low frequencies were attenuated in the
w/6 plot. The additional favorable effect of an approximate three dB
attenuation at the phugoid break frequency of the revised configuration
was not indicated on the asymptotic plots.
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V. CONCLUSIONS AND RECOMMENDATIONS
A. APCS CONFIGURATION
Substantial improvement in performance is possible through the use
of longitudinal feedback. However, only an acceleration term can be
practically obtained with the current APCS, as it would entail only the
implementation of an accelerometer signal. Once an airspeed feedback
is considered, the need for an airspeed reference is required, necessitat-
ing a major APCS redesign. An airspeed reference, manually set by the
pilot, would not be acceptable. In addition to the added pilot respon-
sibility mentioned in Section I, the combined AOA/airspeed system
references would require airspeed reference accuracy greater than the
pilot could be expected to provide.
In summary, only limited improvement in performance is possible
within current limitations. It is recommended that the current APCS
design concept be considered for revision. Present day aircraft, such
as the A-7E and the F-14A/B, have precise airspeed measuring equipment
(air data computers) and digital computers on board. The possibility
of utilizing those devices to accurately measure and reference airspeed
for its incorporation into the APCS should be studied.
The possible improvement of gust response gained by the revised
APCS configuration is partially governed by the method of sensing air-
speed. If an inertial device is utilized, the actual airspeed, u, is
measured, but the term (u-u ) is measured if an air data computer is
utilized. The effect of including the gust velocity in the sensed
airspeed signal was to degrade performance below that gained by the
revised configuration (e.g., the RMS value of velocity error for a
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horizontal gust input was 4.1 ft/sec. With the gust velocity included
in the feedback signal, the error was 5.0 ft/sec, still substantially
improved over the original value of 6.3 ft/sec).
Angle of attack response was not degraded by the inclusion of
longitudinal feedback but, in fact, was improved.
B. ENGINE RESPONSE
The effect of the nonlinear engine time constant on APCS performance
was shown, to be minor for the range of operating conditions considered.
The limitations imposed on APCS performance by a large engine lag
are much less severe for a system incorporating longitudinal velocity
and acceleration feedback than for the standard angle of attack config-
uration.
C. THEORETICAL ANALYSIS
Restricting the multiple loop control system analysis technique to
the APCS loop closures was shown to be valid for an evaluation of air-
speed control. The implementation of the method provided a systematic
approach for the study of APCS performance.
D. GENERALIZATION OF RESULTS
The choice of a single APCS/aircraf t system for the analysis may
restrict the validity of some of the results to that particular system.
However, as all current Navy APCS's use the same basic AOA system, it
is postulated that the general concept presented is applicable to other
aircraft. Correlation of results with other systems should be attempted.
The study was restricted to the fully automated carrier landing
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Y = /*Xdt + IC
Laplace Transform:
PY + Y = X
Laplace Transform:
Ps + 1
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To simulate a gust input for the CSMP simulation, a random number
generator was used. The CSMP function RNDGEN has a uniform probability
distribution function with possible values from 0.0 to 1.0. As the
desired mean of the gust input was 0.0, a constant value of 0.5 was
subtracted from the RNDGEN output. The output of the random number
generator was passed through a CSMP second-order filter with a break
frequency of 1.0 rad/sec and a damping coefficient of 0.707 and was
multiplied by a constant to achieve an RMS value of 5.0. The following
is a power spectral analysis of the gust model.
Denoting the RNDGEN output signal in the frequency domain as X(ju)),
the filter Fourier Transform as H( jau) , and the resultant gust signal as
Y( joo) , the relationship between X(jo>) and Y(jcu) is shown in Figure B.l.
The output power spectral
X(ju>) ^ Y(juj)
FIGURE' B.l GUST MODEL BLOCK DIAGRAM
density is equal to the input power spectral density multiplied by the
absolute value squared of the filter Fourier Transform:
$ ( jco)yy H(ju>) XX J (1)
The mean square value of the output, or average output power, can be








y is defined as the RMS value of y(t).
A typical time plot of x(t) is shown in Figure B.2.
x(t)
> t
FIGURE B. 2 RNDGEN Output vs. Time
The random number generator output is a discrete value at each At. The
resultant curve through the points represents the fourth-order Runge-
Kutta approximation of the function. By approximating the curve by a
series of stops, a rough approximation of the autocorrelation function,
cp (t) , was determined.
The autocorrelation function is defined by the equation,
cp (T) = f x(t) x(t + t) dl (3)
For the step series function utilized to approximate the RNDGEN output,




| Tj > At (4)

To determine cp (T) subject to the restriction of Equation (4), x(t)
xx






FIGURE B.3 Plot of x(t) to Determine cp (t)
XX
to Figure B.3 and requiring that cp (t) evaluated 7 = be equal to the
XX
variance, cp (t) was determined.XX
CO (T) = oYxx x
2/_ Jrl
At
+ 1 < At (5)
The power spectral density can be expressed
* (j«0 = f% (T)e" jUjT drXX J Txx (6)












( 1 - coscuT)
By successively applying L'Hospital's Rule
E> (0) = a AtXX X (8)
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<3? (jco) is periodic with a period equal to 2rr/At. For a small integra-
tion step size with the filter cutoff frequency of 1.0 rad/sec, $ (jco)XX
is essentially flat in the frequency range of interest and can be
considered a constant at the zero-frequency value shown in Equation (8)
.
For a second-order filter with a break frequency of 1.0 rad/sec, the
magnitude of the transfer function, H( jcu) , squared has a -40 dB/decade
slope for frequencies greater than 1.0 rad/sec. Based on the flat power
spectral density at low frequencies and the filter cutoff frequency,
the evaluation of Equation (2) was approximated by taking <£ (jco) as aXX




V <0) = CT* ''^1 ~ ,2 — - ; — *° w- 00 (jco) + 2lo) (jco) + co
n J n
and was of a form tabulated in Ref. B.2. Substituting for to and K and
n
evaluating,
cp (0) = 0.354ct
2
« At = y
2
Yyy ' x J
At y = 5.0 ft/sec and At = 0.05 sec,
a = 37.6 ft/sec (10)
x
In actual simulation the value of a was strongly dependent on the
RNDGEN used in the simulation, varying from 1.7 to 3.1 with a mean of
2.4, all values falling below the predicted. RMS values of the input to
the filter (the outputs of the RNDGEN' s) were essentially constant at
the predicted value. The underestimation of the value of a required
x
to achieve the desired value of a was a direct result of the step
y
approximation to the fourth-order integration. The reason for the large
80

variance in output RMS values was not determined but was suspected to
be caused by the short run time. The length of each run was 30 seconds,
or 3600 integration points. In the final model, a was adjusted to





[B.l] Blakelock, J. H. , Col, USAF, Automatic Control of Aircraft and
Missies , Wiley, 1965.
[B.2] Newton, G. C. Jr., Gould, L. A., and Kaiser, J. F. , Analytical






MULTIPLE LOOP CONTROL SYSTEM ANALYSIS
The multiple loop analysis technique described below is derived
and demonstrated for a general case in Ref. C.l. The technique is a
procedure for expressing specific closed loop transfer functions of a
multiple loop system in terms of the elements of the open loop, feed-
forward and feedback matrices. The following is a two control input,
three output example.
Consider the system
[A] {X} [B] {6} + [C] {R}































Matrix elements are general and may contain operators. [A] is the open
loop system matrix, {x} is a vector of variables, {6} is a vector of
control variables, and [r] is a vector of external disturbances. The
system will contain one feedforward and two feedback paths to drive the








FIGURE C.l Control System Block Diagram
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The control equation is
6
1
= -hlX2 - h2x3 + Yl 6 2 (2)
The (s) notation has been dropped for simplicity. Substituting Equation
(2) into (1) and rearranging



















































Equation (3) is represented by the matrix notation
[A"] {X} = [B 1 ] {6 2 } + [C] [R]
where A 1 ' denotes two loop closures and B 1 denotes one feedforward path.










































au , h 1bn , h2bn
a21> h l











The determinant with a subscript of 1 is the open loop system determinant,
Number 2 is the numerator of the open loop X9 /6, transfer function
multiplied by h
. Number 3 is the numerator of the open loop X /6
transfer function multiplied by h„. Number 4 is identically equal to
zero, as the second and third columns are proportional.
N
c




A" = A + h^ + ty^ (5)
Equation (5) can be expanded for the general case to any order and
number of closures as
A n+m A
n -—„ mV V x
2- 2. h..N?j (6)
h.. represents the feedback transfer function from 6. to x..
<
x„ > x „ * 6^
is defined as the closed loop numerator of the
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+ + + (8)
Inspection of Equation (7) reveals that three determinants have dropped out.
Equation (8) can be rewritten as




+ Y.N. + h.N \ + h.N e






















21' b 22' a23
b3T b32' a33
Again, Equation (9) applies in general.




x o » X3 ' 9


























In the above notation
N.




In Equation (10) another crossproduct was lost. This was a special case,
but the notation of Equation (9) applies, noting that the lost term
x~x_
would have been h.N. . . A numerator of this form makes no sense and is
defined as identically zero.
The following is a numerator of a transfer function of an output



































r. 1 r 6, 2 r 6
(11)
Equation (11) is similar to Equation (9), but the feedforward term is
missing. The notation of equation (11) applies to any external input
for which there is no feedforward term, either for another control
variable or for an actual external disturbance, as illustrated.
























[C.l] Air Force Flight Dynamics Laboratory Report TDR-62-1014, Analysis
of Multiloop Vehicular Control Systems , by D. T. McRuer, I. L.
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